Exogenous and endogenously generated reduced pyridine nucleotides caused marked stimulation of 02 uptake when added to treponemal cell-free extracts, which indicated that terminal electron transport was coupled to the consumption of 02. Oxidation of reduced nicotinamide adenine dinucleotide (NADH) was shown to correlate stoichiometrically with 02 reduction, suggesting that NADH was being oxidized through a mainstream respiratory chain dehydrogenase. Oxygen evolution in treponemal extracts was observed after the completion of 02 uptake which was stimulated by exogenous NADH and endogenously generated reduced NAD phosphate. Oxygen evolution was inhibited by both cyanide and pyruvate, which was consistent with 02 release from H202 by catalase. The addition of exogenous H202 to treponemal extracts caused rapid 02 evolution characteristic of a catalase reaction. A spectrophotometric assay was used to measure ATP formation in T. pallidum cell-free extracts that were stimulated with NADH. P/O ratios from 0.5 to 1.1 were calculated from the amounts of ATP formed versus NADH oxidized. Phosphorylating activity was dependent on Pi concentration and was sensitive to cyanide, NN'-dicyclohexylcarbodiimide, and carbonyl cyanide m-chlorophenyl hydrazone. Adenine nucleotide pools of T. pallidum were measured by the firefly luciferin-luciferase assay. Shifts in adenine nucleotide levels upon the addition of NADH to cell-free extracts were impossible to evaluate due to the presence of NAD' nucleosidase. However, when whole cells, previously incubated under an atmosphere of 95% N2-5% C02, were sparged with air, ATP and ADP levels increased, while AMP levels decreased. The shift was attributed to both oxidative phosphorylation and to the presence of an adenylate kinase activity. T. pallidum was also found to possess an Mg2+-and Ca2+-stimulated ATPase activity which was sensitive to N,N'-dicyclohexylcarbodiimide. These data indicated a capability for oxidative phosphorylation by T. pallidum.
Treponemes for the sparking experiments were extracted from the tissue, washed, and resuspended in this organic extraction medium.
Chemicals. The following enzymes were obtained from Sigma Chemical Co.: glucose-6-phosphate dehydrogenase (G6PD) (EC 1.1.1.49) type XV, hexokinase (EC 2.7.1.1) Type C-300, pyruvate kinase (EC 2.7.1.40) type III, adenylate kinase (EC 2.7.4.3) type III, lactate dehydrogenase (EC 1.1.1.27) type III, alkaline phosphatase (EC 3.1.3.1) type III-S, adenylic acid deaminase (EC 3.5.4.6) type IV, and phosphoglycerate kinase (EC 2.7.2.3), and glyceraldehyde-phosphate dehydrogenase (EC 1.2.1.12) from the ATP diagnostic kit 366-UV. Nicotinamide adenine dinucleotide (NAD), NADH, NADP, and NADPH were of the highest grade available from Sigma. Firefly extract was obtained from either Worthington Biochemicals or from Sigma. NN'-dicyclodihexylcarbodiimide (DCCD) was obtained from Eastman Kodak Co. and was dissolved in dimethyl sulfoxide (DMSO) grade I from Sigma. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was obtained from Nutritional Biochemicals Corp., and was dissolved in DMSO. All other chemicals, enzyme substrates, and inhibitors were reagent grade or the equivalent.
Determination of oxygen uptake. 02 uptake was determined as previously described (16) . Whole-cell suspensions and CFE of T. pallidum, in 4.0-ml volumes, were sparged with air to achieve air saturation before assay. Dissolved oxygen concentration was continuously recorded as percent air saturation versus time. The absolute concentrations of 02 in the media were determined by the method of Robinson and Cooper (39) , which used NADH to quantitatively reduce 02 through the mediation of N-methylphenazonium methosulfate.
Assay for oxidative phosphorylation The spectrophotometric assay of Pinchot (36) 50 Al, which brought the total volume in each cuvette to 0.5 ml. The cuvettes were mixed by inversion, and the change in absorbance at 340 nm was monitored for 5 mn. Pi determination. Assays for Pi were performed essentially by the colorimetric method of Fiske and SubbaRow (20) as described by Klemme and Gest (26) . Protein was precipitated with one-half volume of 10% trichloroacetic acid to prepare sample solutions for the phosphate assay. After low-speed centrifugation, the supernatant fluid was assayed. Reagents were added to 10 id of supernatant fluid in the following order: 100 id of 1% ammonium molybdate in 2 N H2SO4, 50 PI of 2% p-methyl-1-aminophenol sulfate in 6% NaHSO3, and 150 pl of distilled water. The solution was mixed, allowed to react for 5 min, and the absorbance at 660 nm was determined. Concentrations of Pi were determined from a standard curve.
Enzyme assays. Adenylate kinase was assayed by the procedure of Colowick (15) which used 5'-adenylic acid deaminase to detect AMP formation from ADP. NAD(P)+ transhydrogenase (EC 1.6.1.1), which catalyzes the conversion of NADPH + NAD to NADP+ + NADH, was assayed by the method of Kaplan (25) , except that G6PD was used to generate NADPH from glucose-6-phosphate and NADP, instead of using isocitrate dehydrogenase to generate NADPH from isocitrate and NADP. NAD+ nucleosidase (EC 3.2.2.5), which cleaves NAD into nicotinamide and ADP-ribose moieties, was assayed by the method of Kaplan (24) (38) and Ball and Atkinson (6) , with slight modifications. Freeze-dried firefly extract, which contained 20 mM magnesium sulfate and 50 mM potassium arsenate buffer when reconstituted with 5.0 ml of distilled water, was allowed to stand refrigerated for 2 to 4 h after reconstitution. The suspension was centrifuged at low speed to remove insoluble debris, and the supernatant fluid was used for the assay. ATP was measured by the luciferin-luciferase assay by adding either 75 jil of sample, or portions of a standardized solution of ATP, to an acid-cleaned glass scintillation vial containing 5.0 ml of Mg-TES buffer. The luminescence reaction was initiated by the addition of 25 tl of firefly extract to the scintillation vial which was then swirled to mix contents and introduced within 7 s into the counting chamber of a Packard model 3003 Tri-Carb liquid scintillation spectrometer. The spectrometer was set as for tritium counting, with the base-line discriminator at 50, the upper discriminator at 1,000, and the amplifier gain selector at 100%, with the coincidence circuit off. Each vial was counted for four successive 6-s periods. Samples were run in duplicate, background counts were subtracted, and the second and third 6-s counts were averaged. A standard curve was established for each experiment.
ADP and AMP were measured in the same manner after enzymatic conversion to ATP. (29) . The effect of these intermediates on the consumption of 02 by T. pallidum CFE was determined because aerobic electron transport is known to terminate with the reduction of 02. Oxygen uptake by CFE occurred in the presence of glyceraldehyde-3-phosphate plus NAD, glucose-6-phosphate plus NADP, 6-phosphogluconate plus NADP, malate plus NAD, lactate plus NAD, and isocitrate plus NADP (Fig. 1) . Oxygen uptake did not occur in the presence of any substrate when the appropriate pyridine nucleotide was omitted. These data indicated that terminal electron transport was coupled to the consumption of 02.
02 Uptake stimulated by NADH. NADH had previously been shown to reduce T. pallidum cytochromes to the fullest extent of any physiological reductant used (29) . An immediate spike of 02 consumption was seen when 02 Uptake was monitored after the addition of NADH to CFE (Fig. 2) . Lesser amounts of CFE consumed 02 at a lower rate in the presence of constant amounts of NADH, and 02 uptake was linear with time whenever NADH was added to the treponemal preparations. When half the amount of NADH was added, half the amount Of 02 was consumed. The micromoles of 02 consumed were determined to be directly proportional in a 1:2 ratio to the micromoles of NADH added. When calculated from these data, the average activity of 02 consumption was determined to be 0.1~mol/min per mg of protein, which was found to correspond to the NADH oxidase activity of 0.2 ,umol/min per mg of protein when NADH oxidation was measured spectrophotometrically as a decrease in absorbance at 340 nm. Replicate additions of NADH to resparged OFE continued to cause the consumption of identical amounts of 02 in the same kinetic fashion, repeatedly without apparent limit. A 2-,umol quantity of NADH is known to be oxidized for every micromole of 02 reduced during electron transport, and we concluded that all the NADH was being quickly oxidized by T. pallidum OFE, with concomitant 02 reduction.
This "NADH oxidase" activity was found to be partially cyanide insensitive. Oxygen consumption induced by NADH was found to be reduced by half after the addition of NaCN to a concentration of 0.45 tmnol/mg of CFE protein, but the rate of 02 consumption remained the same. Oxygen uptake also occurred with 10 times this concentration of NaCN, but to only 8% of the previous uptake. NADH oxidation was also measured spectrophotometrically at 340 um.
The rate of NADH oxidation in the presence of 100 gmol of NaCN per mg ofprotein was reduced to 18% of the rate without NaCN. These data indicated that T. pallidum CFE contained both cyanide-sensitive and -insensitive NADH oxidases.
Evidence for catalase activity. Oxygen evolution could be repeatedly observed after NADH-stimulated 02 uptake had ceased due to the depletion of NADH and was thought to be due to 02 released from H202 generated by the treponemes during NADH oxidation. After 02 uptake, the 02 concentration remained the same for a minute and then increased sharply (Fig. 2) . This apparent evolution of 02 gradually declined over a period of time. We had previously observed during the cytochrome studies that bubbles were released from supernatant fluids of sonically disrupted T. pallidum to which H202 had been added. This tentative identification of catalase, which is known to enzymatically degrade 2H202 to 2H20 and 02, was further substantiated by the addition of pyruvate, which is non-enzymatically degraded to acetate and C02 in the presence of H202 (27) (Fig. 2) . Oxygen evolution after NADH addition was also found to be sensitive to 0.1 pmol of NaCN per mg of protein, as would be expected for a heme protein such as catalase. Furthermore, the addition of exogenous H202 to CFE caused immediate, rapid 02 evolution that was characteristic of a catalase reaction (40) (Fig. 1) . The Oxygen evolution also occurred after 02 uptake was driven by glucose-6-phosphate plus NADP (Fig. 1) and by 6-phosphogluconate plus NADP. However, the addition of exogenous NADPH caused marked consumption but not evolution of 02 (Fig. 2) . Similar attempts were made to generate endogenous NADH with glyceraldehyde-3-phosphate plus NAD, but 02 consumption was slight ( Fig. 1) as compared with that generated by exogenous NADH (Fig. 2) . This may be a reflection of the reported lability of the T. pallidum glyceraldehyde-phosphate dehydrogenase (41) . When malate plus NAD and lactate plus NAD were used to generate NADH, and when isocitrate plus NADP were used to generate NADPH, 02 uptake occurred at a fairly high rate, but concomitant 02 evolution was not seen (Fig. 1) . This may be due to the previous finding (29) that only T. pallidum cytochrome cam was reduced by these intermediates plus the appropriate pyridine nucleotides. That these intermediates plus pyridine nucleotides were able to consume 02 in CFE, but not able to reduce the terminal cytochrome o oxidase in supernatant fluids of sonically disrupted treponemes may be due to differences of cytochrome association in the two preparations.
Inhibition of 02 uptake by DCCD and CCCP. The stimulation of 02 uptake in T. pallidum CFE by the tricarboxylic acid cycle and glycolytic intermediates plus pyridine nucleotides, as well as by addition of exogenous NADH and NADPH, strongly suggested that electron transport was coupled to oxidative phosphorylation. Inhibitors of specific components of electron transport and oxidative phosphorylation systems were added to T. pallidum CFE to observe the effects on 02 consumption. Cyanide is known to bind to terminal cytochrome oxidases (10, 21) and has been shown to inhibit 02 uptake by T. pallidum (16) . DCCD has been shown to inhibit specifically the ATPase of both mitochondria and bacteria (8, 12, 19, 21, 22) and was found to inhibit 02 uptake by whole cells of T. pallidum (Fig. 3) at a concentration of 90 jSmol of DCCD per mg of protein. DCCD was dissolved in DMSO, but the addition of DMSO to CFE had no effect on 02 uptake. CCCP, which is a well-known uncoupler of mitochondrial respiration, was found to totally inhibit 02 uptake after 25 min at a concentration of 90 iLmol/mg of protein. Inhibition of respiration of whole bacterial cells by CCCP has been reported (10, 46) which suggests that the mode of action of CCCP on bacteria may be different from the mode of action on mitochondria. The above data further suggested that 02 uptake by T. pallidum was due to oxidative phosphorylation and stimulated additional exploration of this subject.
Spectrophotometric assay for oxidative phosphorylation. An example of the measurement of oxidative phosphorylation in T. pallidum CFE is given in Table 1 . Initial absorbance was calculated by summing the absorbance of the sample before the addition of NADH and the absorbance due to the amount of NADH added. The absorbance after NADH addition was recorded, and the changes in absorbance were determined. Cuvette A lacked the enzymes to measure ATP formation and measured only NADH oxidation, which for the purpose of calculating P/O ratios was presumed to be due solely to oxidative phosphorylation (36) b ATP formation was coupled to NADP reduction by the addition of glucose, hexokinase, NADP, and G6PD.
ADP, Pi, and Mg2+ were also present.
The absorbance of the NADH solution was previously determined.
vette B was presumed to result from NADPH formation due to ATP production (36) and was reported as ANADPH. (Tables 1 and 2 ) during preliminary absorbance readings before the addition of NADH, which indicated that ATP was being formed. There were no changes in the absorbance of the cuvettes which lacked the coupled enzyme systems for the ATP-dependent formation of NADPH. Because ADP was present in the cu-VOL. 21, 1978 on October 26, 2017 by guest http://iai.asm.org/ Inability to detect transhydrogenase activity. The presence of NAD(P)+ transhydrogenase might have caused problems in the interpretation of the spectrophotometric assay for oxidative phosphorylation. However, this enzyme was not detected in CFE of T. pallidum. To provide a known positive control for the assay system, an extract of Pseudomonas fluorescens was tested and found to contain transhydrogenase.
Determination of ATPase activity. ATPase was assayed to determine that it could be responsible for the phosphorylating activity in the spectrophotometric assay for oxidative phosphorylation. T. pallidum membranes were found to contain ATPase activity, and the average specific activity of0.7 U/mg of protein was comparable to that observed in other bacterial systems (19, 22) . These data further substantiated the evidence for ATP generation by oxidative phosphorylation in T. pallidum. Magnesium was found to be required for full ATPase activity, because only 28% of the activity occurred in the absence of 5 mM MgSO4. Calcium could be substituted for Mg2e without loss of activity, but no additional activity was detected when both 5 mM CaCl2 and 5 mM MgSO4 were added to the complete reaction mixture. A 10-min pretreatment with DCCD at a concentration of 2 ,umol/mg of protein decreased the activity by 50%, which was similar to inhibition seen in other bacterial systems (19, 22) . A 5-min pretreatment with 0.25% Triton X-100 did not increase the activity, as has been seen for bacterial membrane vesicles (43, 45) . However, detergents have not been shown to have stimulatory effects on ATPases from sonically disrupted extracts prepared in a manner such as that for CFE (43) .
Concentrations of ademne nucleotides in T. pallidum. Concentrations of the adenine nucleotides present within T. pallidun were determined to assess the physiological state of the organism, and to determine whether changes in the adenine nucleotide levels occurred after stimulation of oxidative phosphorylation. Results of a typical extraction of T. pallidum adenine nucleotides are shown in Table 3 . The adenylate energy charge (AEC) (4) was calculated to be 0.44, which was lower than the values obtained for many other bacteria undergoing active growth (13) . A low AEC would normally indicate the possibility that T. pallidum was biosynthetically impaired at that time. However, absolute values for nucleotide pools are probably of questionable significance, because ATP concentrations are reported to be lower when cells are damaged by washing or centrifugation (14) . Unfortunately, high concentrations of these treponemes can only be obtained by centrifugation and resuspension in smaller volumes.
Attempts were made to stimulate oxidative phosphorylation in CFE by the addition of NADH, which had been shown to physiologically reduce T. pallidum cytochromes (29) . Changes in adenine nucleotide levels were measured by the luciferin-luciferase assay before and after the addition of 1 umol of NADH, which was incubated with CFE at 370C for 1 min before chloroform extraction. Preliminary experiments had indicated that the NADH solution contained substantial amounts of AMP, which was subsequently removed by treatment with alkaline phosphatase (18) . However, even after this treatment, all adenine nucleotide (especially ADP and AMP) levels rose after NADH addition. Because ADP levels were expected to fall and ATP levels were expected to rise during oxidative phosphorylation, these results suggested that modifications of the adenine nucleotide levels were being made by other enzymes in the crude CFE. 02 tensions, and the changes that might occur upon exposure of the treponemes to atmospheric 02 tensions were also of interest. Therefore, whole-cell preparations were incubated under an atmosphere of 95% N2-5% C02. One half of the cell sample was sparged with air, whereas the other half was resparged with the N2-C02 mixture. Adenine nucleotides were extracted with chloroform, and the levels were determined by the luciferin-luciferase assay. The adenine nucleotide levels shifted when the treponemes were sparged with air (Table 4) , resulting in a 13% increase of the ADP level and a 23% decrease of the AMP level. The ATP level increased 33%. The adenine nucleotide levels of the air-sparged cell preparation compared favorably with the levels reported in Table 3 for treponemes that were extracted and prepared totally aerobically. This apparent influence of 02 was also seen in a comparison of the AEC from each preparation. The treponemal preparation which was incubated under an atmosphere of N2-CO2 had an AEC of 0.33 (Table  4) , whereas the sample which was prepared entirely aerobically had an AEC of 0.44 (Table 3) . The AEC of the preparation that was sparged with air after incubation under an atmosphere of N2-CO2 was intermediate at 0.39 (Table 4 ). These data indicated that ATP synthesis by T. pallidum was a function of environmental 02 tension.
Possibility of tissue contamination affecting interpretation of oxidative phosphorylation data. The possibility oftissue contamination was given serious consideration as it was in the cytochrome studies (29) . The pellet obtained from a treponemal preparation that had been further filtered to remove the treponemes was found in those studies to contain only 1% as much protein as the original preparation. infected tissue control extracts, but at a specific activity which was only 20% as great as the treponemal activity. These results strongly suggested that tissue NAD' nucleosidase was not responsible for significant treponemal activity and that the treponemal activity was due to an intrinsic enzyme. Adenylate kinase activity was also detected in noninfected tissue control extracts, and the specific activity was two to three times higher than the treponemal activity. The two activities could not be distinguished on the basis of a Mg2" requirement or KF sensitivity. Both activities required Mg2" and were inhibited by KF. Nevertheless, as a result of our previous experience that the degree of tissue membrane contamination in treponemal preparations was slight, we felt that some adenylate kinase activity of T. pallidum preparations was due to treponemal activity. That half of the protein from our treponemal preparations could be from host tissue was inconceivable. ATPase was also detected in noninfected tissue control extracts and had a specific activity which was twice as high as the activity detected in treponemal extracts. Tissue ATPase was also found to be sensitive to DCCD. Despite the presence of tissue ATPase activity, the lack of an NADH-oxidizing system in tissue vesicles would prevent the tissue ATPase from functioning as an ATP synthetase. Without NADH oxidation and the formation of a proton gradient within the tissue vesicles, the mere presence of an ATPase would not indicate a capacity for oxidative phosphorylation by tissue membrane fragments.
DISCUSSION
The tricarboxylic acid cycle and glycolytic intermediates plus pyridine nucleotides which caused the physiological reduction of T. pallidum cytochromes (29) , were also shown here to cause 02 uptake when added to CFE (Fig. 1) . These data indicated that the various dehydrogenases which generate reduced pyridine nucleotides are involved in electron transport, probably coupled to oxidative phosphorylation. Malate, lactate, and isocitrate in the presence of pyridine nucleotides have been shown to reduce only cytochrome c50 when added to the supernatant fraction of sonically treated T. pallidum CFE (29) , and have also been shown to cause limited 02 uptake when added to CFE (Fig. 1) . Because 02 uptake is known to proceed via terminal cytochrome oxidase, cytochrome o as well as c&% should have been reduced by these intermediates. Sonic oscillation can have the effect of isolating dehydrogenase-cytochrome c complexes from the rest of the respiratory components as has been previously mentioned (29) . If cytochrome c&0 were spatially isolated in this manner, perhaps the higher concentrations of membrane components in CFE allow electron transfer from c5w to the cytochrome oxidase, resulting in 02 consumption. Alternatively, cytochrome cw0 may be an additional cytochrome oxidase, although we have previously demonstrated that CO did not appear to bind to c&0 (29) .
NADH has been shown to cause cytochrome reduction, 02 uptake, and ATP formation in T. pallidum extracts. Some oxidation of NADH appears to be cyanide insensitive and may stimulate 02 consumption through the action of a flavoprotein oxidase. However, the results ofthis study indicate that only a small fraction of the NADH oxidase activity is cyanide insensitive, which seems to indicate that aerobic respiration in T. pallidum occurs mainly through the action of a NADH dehydrogenase coupled to terminal electron transport and not through the action of a flavoprotein oxidase. The ability of cytochromes to be reduced by NADPH indicated that NADPH oxidation also proceeded through Endogenous generation of NADH has been shown to result in higher P/O ratios in Mycobacterium phlei than when exogenous NADH was added (3, 9, 10) . Exogenous NADH was thought to be utilized in that system not only by the particulate respiratory chain leading to the reduction of 02, but also by the particulate enzymes that exit from the respiratory chain before the terminal oxidase, by soluble flavoprotein oxidases or diaphorases, or by soluble enzymes that reacted either directly with 02 or re-entered the particulate chain at a higher redox level. Similar phenomena may occur in T. pallidum, which might explain the differences in 02 uptake when CFE was stimulated with exogenous versus endogenously generated pyridine nucleotides. Exogenous NADH caused a spike in 02 uptake. Endogenous NADH generated from glyceraldehyde-3-phosphate plus NAD may have caused only limited 02 uptake because of the reported lability of the dehydrogenase (41) . The demonstration of limited 02 uptake with NADH generated by malate and lactate dehydrogenases may be due to a difference in the mediation of electron transport influenced by cytochrome c50, or result from differences in enzyme activity. The addition of exogenous NADPH to CFE caused marked 02 uptake, although at a lower rate than for extgenous NADH. The rate of 02 uptake stimulated by exogenous NADPH gradually diminished with time, and exogenous NADPH did not cause 02 evolution. When stimulated by endogenously generated NADPH, 02 uptake proceeded at the same rate until presumably all NADPH had been oxidized. At that time, 02 uptake ceased and 02 evolution was demonstrated. Oxygen evolution is probably initiated soon after the start of 02 uptake, but is not evidenced until the cessation of 02 uptake presumably resulting from substrate depletion.
Catalase activity, which may be expected in an organism of known aerobic capabilities, has been demonstrated in T. pallidum extracts by both direct and indirect methods. Catalase activity may be due to an intrinsic treponemal enzyme or due to contaminating activity from tissue extracts which are known to possess catalase activity. Future studies are planned to determine the origin of the catalase activity.
The results of the spectrophotometric assay for oxidative phosphorylation have demonstrated that CFE of T. pallidum are capable of oxidative phosphorylation when stimulated with NADH. The P/O ratios that were obtained by this method varied from 0.5 to 1.1. This variability was presumably due to the state of the treponemes before, during, and after extraction from tissue, an event over which we had only limited control. The number of potentially available energy conservation sites in bacteria is known to be subject to change depending upon the growth conditions (44) . The variability of the P/O ratios observed in T. pallidum may therefore be a reflection of the physiological state of the organism. In any case, P/O ratios should not be considered as absolute values, because a number of studies have shown variability in the phosphorylating capabilities of bacteria. A few studies indicated that bacteria are capable of obtaining a P/O value of 3.0 (5, 23), which is the P/O value for respiring mitochondria. Other studies have indicated that bacteria possess lower phosphorylating capabilities than do mitochondria (10, 21, 42) , and advise using caution in the interpretation of data which could lead to falsely high P/O values. Phosphorylating efficiency has been shown to be affected by the state of the bacteria, the manner of preparation, and the type of cytochrome oxidase which may be present (10, 21, 31) . In addition, lower P/O values have been obtained when bacterial preparations were stimulated with exogenous NADH, whereas higher values were obtained when NADH was generated endogenously (3, 10) .
In addition to the previously mentioned precautions concerning the interpretations of P/O ratios, we should emphasize that our experimental results were obtained with CFE, and not with partially purified electron transport particles. An attempt to isolate electron transport particles from T. pallidum and to determine optimal conditions for their coupled phosphorylating activity was unrealistic with the number of treponemes currently available. Therefore, a number of enzymes which have been found in CFE may either add to (11, 36, 37) .
The requirement for Pi gave further evidence for the involvement of an ATPase, as did the finding of DCCD inhibition. The activities of NaCN as an inhibitor and CCCP as an uncoupler of oxidative phosphorylation, and the lack of NADH oxidation by tissue controls, further convinced us that T. pallidum does indeed contain a membrane-bound ATPase, as do other bacteria that are capable of oxidative phosphorylation (19, 21) .
Although absolute values for nucleotide pools are of questionable significance because of required centrifugation, a difference was nevertheless noted in the sparging experiments between whole cells sparged with air or with N2-C02 mixture. The cells that were sparged with N2-C02 had a lower AEC than cells which were prepared totally aerobically. Furthermore, the AEC rose when cells under an atmosphere of N2-C02 were sparged with air. The increase in ATP concentration was thought to be due to oxidative phosphorylation when cells were exposed to higher 02 tensions as has been seen in other bacteria (5, 23) . The shifts in individual adenine nucleotide levels, expressed as percent adenine nucleotide pool in Table 4 , may be rationalized as resulting from the combined actions of adenylate kinase and ATPase. The shift in adenine nucleotide levels which occurred in response to increased 02 tensions resulted in a net increase of 2% ATP and 7% ADP, and a net decrease of 9% AMP (Table 4 ). The observed shift in adenine nucleotide levels may be repre- These may be the enzymatic reactions which effected the observed shift. The presence of adenylate kinase may be the reason why a greater increase in ATP was not obtained. When AMP is present in a cell at high levels resulting from biosynthetic reactions, adenylate kinase is known to be the enzyme that returns the mononucleotide to the mainstream of the ATP/ADP cycle by conversion to ADP. This action occurs at the expense of ATP. The action of adenylate kinase by the above hypothesis supports the evidence that this enzyme is an active component of intact, respiring treponemes. The presence of adenylate kinase may reflect the physiological state of the treponemes as being one of active biosynthesis, with ATP being broken down to AMP, which is then recycled. These data seem to indicate that even if the low AEC resulted from centrifugation, the treponemes were still capable of responding in a positive fashion to induced changes in the 02 tension.
These studies on oxidative phosphorylation complete our investigations of the capability of virulent T. pallidum for aerobic respiration. The evidence suggests that T. pallidum can derive a large amount of energy from terminal electron transport coupled to oxidative phosphorylation.
How well this system functions under the P02 of tissue in the host is unknown at this time. We conclude that the inability to cultivate this microorganism is probably not due to intrinsic problems with energy metabolism.
